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Abstract. Particle-in-cellsimulationsof solitarywaveshave beenperformedusing
a 2 spatialand3 velocity dimensionelectrostaticcodewith oneelectronandtwo
ion speciesDatafrom the FastAuroral Snapsho{FAST) andPolarspacecrafare
usedto provide input parametersandon the basisof theseobsenations,no cold
plasmawasincludedin contrastto earlier simulations. Simulationscontaining
both oxygenandhydrogenbeamsarecomparedo simulationsthat containonly
hydrogento examinethe effects of the oxygenon the behaior of the solitary
waves. In both caseghe solitary wave speedsare lessthanthe hydrogenbeam
speedandthey arealsogreatethanthe oxygenbeamspeedor thecasesncluding
oxygen.Thesimulatedsolitarywaveshave spatialscalesof the orderof 10 A\, and
potentialamplitudesof the orderof 0.1 e¢/kT., which areconsistenwith Polar
spacecrafobsenationsin the low-altitudeauroralzone.

1. Introduction

Solitarywavestraveling parallelto the backgroundnag-
netic field have beenobsened in mary partsof the mag-
netosphereThesesolitary structuresareidentified by their
bipolarelectricfield structureparallelto the magneticfield.
Firstseenin theauroralacceleratiomegionby S3-3[Temerin
et al., 11989, solitary waves have since beenobsered in
mary regionsof themagnetospherécludingthecusp,bow
shock, plasmasheetboundarylayer, magnetosheathand
magnetotail. Recentobsenations of solitary wavesin the
auroralzone suggestthat thereare two classesof solitary
waves:thoseassociateavith electronbeamsandthoseasso-
ciatedwith ion beamgErgunetal!, 11994. Solitary waves
associatedvith electronbeamstendto have higherspeeds
thanthoseassociatedvith ion beams Solitarywavesthatare
associateavith ion beamswerefirst obseredin theauroral
acceleratiorregion by S3-3[Temerinet al., 11987, later by
Viking [Bostidmetal.,1198§, andmostrecentlyby FastAu-
roral Snapsho{FAST) [McFaddenet al., 119994 andPolar
[Mozeretal!,11997 Boundsetal,[1999. Solitarywavesas-
sociatedwith electronswerefirst obsenedby Geotail[Mat-
sumotecetal.,|1994 andlaterby FAST [Ergunetal!,11999,
Polar [Cattell et all, 1999 [Franz et al!, 11998 1200(], and
Wind [Baleetall,11998.

S3-35 original obsenrationsof solitary wavesin theion
beamregion hadsolitarywaveswith alower limit of several
volts of net potentialdrop acrossthe structureanda lower

limit of 50km s~! onthespeed®f thestructuresThestruc-
tureshadsizesboth paralleland perpendiculato the back-
groundmagneticfield of ~ 40 Ap, assuminghattherewas
acoldbackgrouncglasmapopulation[Temerinetal.,1983.

Viking's obsenationsgave net potentialdropsup to 2-3 V

andspeed®f5-50kms~!. Scalesizeswereof theorderof
50-100m, with the perpendiculascalesizesbeingslightly
greatetthantheparallelsizes.Thesescalesizestranslatedo
~ 10 Ap, including a cold electronpopulationof 5 eV and
5 cm™2 [Koskineretall,|199() IMalkki et al), 11999 thatwas
indicatedby the Viking obsenations.

A recentPolar spacecrafstatisticalstudy of ion-related
solitary wavesin the auroralacceleratiorregion [Dombe&
et al., 11999 gives much different characteristicgor these
structuresThepotentialamplitudeof thestructureseg/ kT,
(wheree is the fundamentakchage, ¢ is the potentialam-
plitude, k£ is Boltzmanns constant,and T is the electron
temperature)s ~ 0.1,wherekT, isupto 1 keV (i.e.,poten-
tials of 10-100V). Thesolitarywave speedsarebetweerthe
hydrogenandoxygenbeamspeedsin the same75-300km
s~! rangeasthat found in a previous Polarstudy [Bounds
etal., |[1999. The scalesizein the parallel directionis ~
10-20 Ap, with the Debyelength being ~ 200 m in this
case(J. P. Dombecketal., "Obsenedtrendsin auroralzone
ion-modesolitary wave structurecharacteristicsising data
from Polar” submittedto Journal of GeophysicaReseath,
2000, hereinafterreferredto as Dombecket al., submitted
manuscript,2000). RecentFAST obsenations have indi-
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Tablel1l. SimulationParameters

Parameter SimulationValue Physical Value
Grid size 128by 128 21.2km by 21.2km
Sizeof eachgrid box 1Apbyllp 165mby 165m
Plasmdrequeny 1 wpe 9 KHz
Numberof time steps 10,000
Lengthof time step 0.3w;.! 33 us
Electroncyclotronfrequengy 9 Wpe 81kHz
Electricfield 0.6T./eL, 14mvm!
Hydrogento electronmassratio 100 1,836
Oxygento hydrogenmassratio 16 16

catedthat cold plasmadensitiesareinsignificantin the up-
wardion beamregion [Stranceway et al), 11998 McFadden
etal.,[19994. Theseobsenationsarethe motivationfor this
studyof ion beamrelatedsolitarywaves.

Previous simulationstudiesof the ion beamrelatedsoli-
tary waves attemptingto explain the S3-3 and Viking ob-
senations[Bostidmetal!,1198¢ have describedon solitary
wavesasbeingrelatedto ion acousticsolitons|Barnesetal.,
19845 IMarchenlo andHudsoin 1994, or Bernstein-Greene-
Kruskal (BGK) ion phasespaceholes [Tetreault, 11991,
while electronbeamrelatedsolitary waves are thoughtto
be electronacoustiovaves[Duboulozetal!, 11991, or BGK
phasespaceholes[Musdietti et all, 1999211999l Gold-
manet al., 11999 [Singh [200(]. The work on ion acoustic
solitonsis basedon the theorythat nonlineay coherentpo-
tentialpulsescandevelopfrom linearacoustiovaves|Lotkg,
1983. Laterwork extendedthis theoryto includeH* and
O+ beamgQianetal!,[1989. In thesimulationghesestruc-
turesdevelopedfrom the interactionof one or moreion or
electronbeamswith backgroundion and electronpopula-
tions. The BGK phasehole theory is basedon the idea
that holesin the phasespacedistribution of ions can de-
velopowing to thermalfluctuationsandthattheseholescan
propagte and grow [Dupreg 11982. In simulationsthese
structuresform owing to drifts betweenion and electron
speciesand owing to thermalfluctuations. Simulationsof
bothmechanism$or developingsolitarywavesmatchedhe
S3-3andViking obsenrationsfairly well, but the new obser
vationsof plasmadistributionsandsolitary wave character
istics suggesthe needfor new simulationstudies.

In this studywe examineion beamrelatedsolitarywaves
seenin the auroralacceleratiomegion. Our goalis to deter
mine the effect of (1) no cold plasmaand(2) ion composi-
tion, onthesolitarywaves. The parametersve usearebased

on FAST andPolarobsenrationsof the auroralacceleration
region [Strangewayetall,11998 IMcFaddenretal!,119994. In
orderto modelthe obsened plasmaparametersye include
hydrogenand oxygenions, since both speciesare usually
presenin ion beamdn theauroralacceleratiomegion. Pre-
viousone-dimensiongll-D) studiesof solitarywaves[Hud-
sonetal.,[1987 have shawvn thatthe inclusionof bothion
speciesesultsin thetwo-streaminstability which affectsthe
rangeof conditionsunderwhich solitary waves can form.
Furtherl1-D studieg]Gray etal), 11994 shavedthatsolitary
wavesformedmorequickly whenoxygenwaspresenthan
whenonly hydrogenwasincluded.We will comparethere-
sultsof our simulationsto theoriesandrecentobsenations
of ion solitarywaves. In sectiorl2 we describethe detailsof
thesimulation.Sectiori3 presentsesultsof someof thesim-
ulationruns.Comparisorto obsenationanda discussiorof
the significanceof our studiesaregivenin sectioridl

2. Simulation Details

OursimulationsveredoneusingES2[see e.9.,Marchen-
ko andHudson|199Y, a 2.5-dimensionalelectrostatigart-
icle-in-cell codewith periodicboundaryconditions.SeeTa-
blefor detailson simulationparametersisedandthephys-
ical valuesthatthey correspondo. A 128by 128 grid was
usedfor the runs presentedhere,with eachgrid beingone
Debyelengthlong on aside. The simulationswererun with
time stepsequalto 0.3timestheinverseelectronplasmafre-
queny (w;el), with 10,000iterationsdonefor eachrun. In
addition,runswerecompletedwith a 1024by 128 grid and
with time stepsof 0.03 w;el to examinenumericaleffects.
Potentialplots were averagedover 100 iterations(30 wp—el
in orderto averageout high-frequeng noise. The plasma
wasmagnetizedothattheelectroncyclotronfrequeny was
equalto 9 timesthe electronplasmafrequeng. Thechosen
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Table2. Species-DependeRarameters

Electron Proton  Oxygen
Numberof particles 13,1072 65,536 65,536
TemperaturéT,) 1 0.2 0.2
Beamspeedv;.) 0 0.2-0.8 0.05-0.2

valuefor the cyclotron frequeng leadsto a highly magne-
tized plasma,which previous studies|Barneset al., [1984
hadindicatedwasnecessarfor solitarywave formation.An
electricfield, equvalentto a potentialdrop of 0.6 T, across
the simulationbox, wasappliedalongthe magnetidield di-
rection. The appliedelectricfield is addedto simulatethe
field-alignedpotentialdrop seenin the auroralacceleration
region, as hasbeendonein previous particle-in-cell (PIC)
studiesof solitary waves [Marchenlo and Hudson 11994.
This electricfield acceleratethe particlesandresultsin rel-
ative drifts which provide the sourceof free enegy for the
solitarywaves.

Simulationsof both two- andthree-specieplasmasare
presentedhere. In the two-speciesaseghe plasmaspecies
usedare a stationaryhot electronpopulationand a hydro-
genbeam(with the physicalnumberdensityof eachbeingl
cm~3). In thethree-speciesasesan oxygenbeamis added.
A studyof ion beameventsin the auroralzoneusingFAST
[McFaddenet all, 119994 datafound that the ratio of OT
numberdensityto HT numberdensityrangedfrom 0.28to
1.44,with typical valuesbeingaroundl. IMcFaddenet al.
[19994 alsofound thatthe ratio of Het numberdensityto
H* numberdensityrangedrom 0.20to 0.67,soheliumions
couldalsoplay arolein thedynamicsof ion-associatedoli-
tarywaves. For thepurpose®f this studyit wasdecidedhat
looking only at hydrogenandoxygenbeamswould be suffi-
cient. Futurestudieswill alsoincludehelium. The oxygen
to hydrogennumberdensityratio of 1 waschosersinceit is
fairly typical of the obsenations.McFaddenet al! [19994
also found plasmasheetion densitieswhich rangedfrom
muchsmallerthanthe beamdensitiesupto comparablelen-
sities. For the purpose®f this studywe chooseo ignorethe
plasmasheetpopulation,thoughfuture studieswill include
it.

Theion beamsstartout with equalenegies,giving them
differentvelocities,which leadsto two streaminteractions
betweenthe beams[Bemgmannet all, [198§. Simulations
wererun with the ratio of hydrogento electronmassequal
to 100 to consere computingtime [Barneset al., |1984,
while theoxygento hydrogemrmasgatiowas16. Theplasma

speciesparameterdor the three-plasmaspeciescasesare
shown in TablelZ andwerechoserto follow the parameters
recentlyobsered [McFaddenet al., [19993. The parame-
tersusedfor thetwo-speciesasesareidentical,exceptthat
all of the oxygenparticlesarereplacedby hydrogen.In the
simulationsall valuesarenormalized andthe physical units
matchingthesechoiceswereasfollows. The electrontem-
peraturewas initially 0.5 keV, while both ion specieshad
temperaturesf 0.1keV. Theion beamswverechoserto have
drift enegiesrangingfrom 2 to 32 keV. Someof thesedrift
enegiesare higherthanthe rangefrom 0.8to 10 keV seen
by FAST [McFaddenet al!, 19994, but the highervalues
wereusedso thattherewould be a wider rangeover which
to determinghe effectsof changinggthe beamenenpy.

3. Simulation Results

Resultsof a simulationwith a hydrogenbeamof speed
0.4 v;. andan oxygenbeamspeedof 0.1 v;. areshavn in
Platelll wherew,, is the electronthermalspeed. The soli-
tary waves can be identified as nearly circular depressions
in the electrostatigotentialin thesesimulations(seePlates
[Te andI¥). At the beginningof a simulationrun, the poten-
tial is flat, but electrostatidon cyclotronwave perturbations
in the potentialbegin to build up. Theseperturbationsoc-
cur at boththe hydrogenandoxygencyclotronfrequencies.
Solitary structuresbegin to form after ~ 400 w;el. They
propa@tein the beamdirection and last betweenl150 and
2000w, ', with typicallifetimesof ~ 400w, '. Thesolitary
structuresarecircularin shapewith radii of the orderof 10
Ap. Thesizeof thestructureshangegluringtheir lifetime,
with a typical solitary wave startingout small both in am-
plitude andspatialsize,growing for a time, thenshrinking,
anddissipating.Theshapewary somevhatbetweersolitary
wavesin the samerun, with the shapeshaving a rangeof
oblatenesdyut with adefinitetendeng towardbeingslightly
oblateperpendiculato the magnetidield asin Plategle and
[If. This leadsto typical scalesizesbeingslightly largerin
theperpendiculadirection( ~ 15 Ap).
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(a) Hydrogen Phase Space Density: It. 4450 (b) Hydrogen Phase Space Density: It. 4550

Plate 1. Phasespacedensitiesfor (a,b)the hydrogenions and(c,d)theoxygenions,aswell as(e,f) theelectrostatigo-
tential,for iterations4450(1335w;el) and4550(1365w;el). Theelectrostatigotentialarein unitsof kT, /e, whereT,

is the original electrontemperature. The phasespacedensityplots arein particlesper phasespacegrid box, where

the phasespacegrid is divided into 128 in the X directionand100in the Vx direction. Theseplotsarefrom the 8-keV
beamrun, which correspond$o beamspeedf 0.4v;, and0.1 v, for the hydrogenand oxygenbeams,respectiely.

The electrostatiqotentialshavn is averagedover 100 iterations(30 w,,.") to remave high-frequeny oscillations. The

solitarywavesarethe dark, circularareasof negative potential,andthey move from right to left with ion beams. This

is the samedirectionasthe ion beamsandappliedelectricfield andthe oppositedirectionfrom the backgroundmag-
neticfield.
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Thedevelopmenif the solitary structuress alsoevident
in thephasespacelensitieof theplasmaspeciegseePlates
[Iafld). Initially, all speciesare Maxwellians, but the dis-
tributions begin to shov sizeablefluctuationsat aboutthe
sametime that solitary structuredirst appearin the poten-
tial. Thesefluctuationgendto bein phasespatiallybetween
specieswith themajorpeaksandtroughsof thephasespace
densitytendingto line up acrossspecies. Thesefluctua-
tionsmove in theion beamdirection,asthe potentialstruc-
turesdo. As thesimulationprogresseghe phasespacdluc-
tuationsbecomemore pronounced. The simple sinusoidal
forms of the early fluctuationsare replacedby more com-
plicatedforms. The two-streaminstability leadsto aninter
estingphasespacestructurein the hydrogenions (seePlates
[Ta and[Ib), with a patternresemblinga standingwave. At
the antinodeghereis a peakin both the negative and pos-
itive sidesof the velocity axesin the phasespacedensity
at the samex value, with a hole in the phasedistribution
between. At the nodesthe phasedensityreachesdts high-
estvalues,and particlesare spreadover a smallerrangeof
speedsWe believethiscomple patternis causedy thebal-
anceof the two-streaminteractionwhich tendsto bring the
hydrogendrift speeddown to the oxygendrift speed,and
theelectricfield whichtendsto acceleratéhe hydrogenions
more quickly thanthe oxygenions. Phasespacedensities
of this type areseenonly in the three-speciesases.In the
two-speciesaseshehydrogenphasespacelensitiegesem-
ble thoseseenin the oxygenphasespacedensityshavn in
PlatedIc andId. No standingwave patternsareformedin
thesecases though sinusoidalphasespaceoscillationsdo
occur It is likely thatthe extra compleity seenin thethree-
speciegasess dueto thetwo-streamnteraction.

The effect of the two-streaminteractionis evidentin the
behaior of theion speciedrift speedsasshowvn in Figure
@ The momentumtransferbetweenthe ion speciess ev-
identin the sharpfall in the hydrogendrift speedand the
risein theoxygendrift speedcenteredarounditeration4000
(1200w;e1). Thistime periodis alsowhenthe solitarywave
actiity is greatestThoughthetwo-streaninstability works
to equalizethe beamspeedof the two ion speciesthe ap-
plied electricfield preventsthe completeequalization After
iteration5000 (1500w;el) the solitary wave actvity begins
to dissipatetheeffectsof theappliedelectricfield dominate,
andbothion speciesncreaseheir drift speedsAs with the
drift speedsthe effects of the solitary waves are also evi-
dentin the parallel (Figurel2) and perpendiculafFigurel3)
drift enegiesof the plasmaspecies. The ion speciesboth
have peakheatingratesparallelto the magnetidield around
iteration4000,owing to the interactionof the ionswith the
solitary waves. After the solitary wavesdissipate the par
allel thermalenepies of the ion speciedevel off, andthe

1.0

Speed

L

f L L | L
0 2000 4000 6000
Iteration

8000 10000
Figure 1. Plotshowving theion drift speedswith alogarith-
mic scalein unitsof theinitial electronthermalspeed.),
versusteration,whereeachiterationis 0.3w;e1. Figurelis
for the casewherethe initial hydrogendrift speedwas0.4
v andtheinitial oxygendrift speedvas0.1vq.

hydrogenions even cool slightly. The electronheatingrate
is more constantthoughthe heatingrate doespeakwhen
the solitary waves are dominant. The heatingrate perpen-
dicular to the magneticfield for the ions also peakswhile

the solitary waves are dominant(Figures3b and3c). The
ions shav the effects of ion cyclotron waves, with oscilla-
tions at the correspondingon cyclotron frequeng evident
in bothion speciesTheelectronshawv verylittle heatingin

theperpendiculadirectionbecauséhetime stepsizeof 0.3

w;el doesnotresole oscillationsof the orderof theelectron
cyclotronperiod,~ 0.1 wy.'.

Someof the physical parametersisedfor the runs pre-
sentecherewerevariedin otherrunsto examinetheireffects
ontheresults.Theappliedelectricfield wasvaried,in order
to seehow it affectedthe solitary waves. Solitary wavesdo
not develop in this simulationif the field is omitted. De-
creasingthe value usedfor the electricfield increasedhe
lengthof time it took for the solitary wavesto develop and
decreasethe potentialdrop seenin the solitary waves. Uti-
lizing Qe /wpe = 9 leadsto a highly magnetizedplasma,
which previous studies]Barneset all, 11984 indicatedwas
necessaryor solitary wave formation. To testwhetherthis
was the casewhentherewas no cold plasma,several runs
with lower magneticfields (i.e., Q¢ = 1 wpe and0.1 wy,,
comparedo the original valueof 9 w,.) weredone. These
runs still had solitary waves, thoughthey were smallerin
potentialamplitudeandslightly more oblatein the perpen-
diculardirection.

Several computationalparametersvere varied in order
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Figure 2. The parallelthermalenegy, normalizedto the
speciednitial thermalenepy, versusiteration, whereeach
iterationis 0.3 w;el, shawn for the (a) electrons(b) hydro-
genions,and(c) oxygenions. Figuredis for the casewhere
the initial hydrogendrift speedwas 0.4 v;, andthe initial

oxygendrift speedvas0.1 v;..
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Figure 3. The perpendiculathermalenegy, normalized
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hydrogenions,and(c) oxygenions. Figure3is for the case
wherethe initial hydrogendrift speedwas 0.4 v;, andthe
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to isolate ary numericaleffects on the simulatedsolitary
waves. Additional runswere performedwith grid sizesup
to 1024 \p alongthe magneticfield line to ensurethat par
ticle regycling dueto the periodic boundaryconditionsdid
not alter the results. Theseruns gave resultswhich were
equialentto thoseshavn here. The effectsof thetime step
sizewerealsotestedby usinga time stepthatwasa factor
of 10 smallerin one case(0.03w,.' insteadof 0.3 w;.").
This changehad no noticeableeffect on the solitary wave
behaior, thoughelectrongdid heatmorein the perpendicu-
lar directionthanin Figure[3a, sincethis time stepsizere-
solved the electroncyclotron timescale. The effects of the
numberof simulationparticlespergrid cell werealsotested
by performinga simulationrun with 8 timesasmary par
ticlespergrid cell. The behaior of the solitary waveswas
notchangedn thisrun,thoughtherewasadecreasé noise
which allowedfor averagingover fewer iterations.

In orderto seehow thesolitarywave behaior variedwith
ion beamcharacteristicssimulationrunswereperformedor
arangeof ion beamenegies,which wereequialentto ini-
tial hydrogenbeamdrift speeddetweerD.2and0.8v;.. The
speedsat the lower end of this rangeare more typical of
whatis obsenedin the auroralregion, but a wide rangeof
drift speedsvasexaminedin orderto studytherelationship
betweenbeamdrift speedand solitary wave speed. Runs
with this rangeof beamenegiesweremadewith hydrogen
and oxygenbeams(seeFigure[da), as well asjust hydro-
genbeamg(seeFiguredb), in orderto assesshe effects of
the oxygenbeamon the solitary waves. The speedof the
solitary waveswere determinedby following the minimum
potentialof a structurebetweenterationsto determinehow
farthe structuremoved. The solitarywave structuresarenot
always symmetrical,so the minima of the potentialdo not
alwaysfall atthe locationthatis the centerof the structure.
This leadsto uncertaintyin the solitary wave speedswhich
necessitateaveragingthe speedsver several framesof the
electrostatigpotential or atleastlSpr—e1 , in orderto getac-
curatespeeds.Theseaveragespeeddor eachsolitary wave
arethenaveragedfor a few separatesolitary wavesto find
typical speeddor a run, andthey are plotted againstbeam
speedsn Figureldl The averagesolitarywave speeddor all
runslie belown the hydrogenbeamspeed.In the caseswith
both hydrogenandoxygenthe solitary wave speedsare be-
tweenthe two beamspeeds.This result matcheswhat has
beenobsened by the Polarspacecrafin the auroralaccel-
erationregion. [Boundset all [1999 found, using Hydra
ion distribution data and assumingthat both H* and Ot
had equalenegies, that the solitary waves had speedse-
tweenthe beamspeedof HT andO™. FurtherPolarspace-
craft studiesfound (Dombecket al., submittedmanuscript,
2000),usingH* andO™ distribution data,thattheion soli-
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Figure 4. Plots shaving solitary wave speedsand beam
speedsat the time of the measuredsolitary waves versus
startinghydrogenbeamspeedfor (a) hydrogenbeamonly
runsand (b) hydrogenand oxygenbeamruns. All speeds
arenormalizedto the startingelectronthermalspeed. The
beamspeed9plottedaretaken from the time whenthe soli-
tary wavesarepresenin the simulations. The beamspeeds
changeduringthe simulationrunsowing to interactionwith
theotherspeciesandwith the appliedelectricfield.

tary waves had speedshetweenthe measuredHT and Ot
beamspeeds.

The electrostatigpotentialamplitudealso shavs depen-
denceontheinitial beamenegies,asshavnin Figured The
dependenceshawn is basicallylinear, thoughthereis scat-
ter. The scatteris to be expectedsincethe plotted potential
amplitudesarethe averageamplitudeof a particularsolitary
wave for agivensimulationrun. Thegeneratrendof having
largeramplitudeswhenlargerbeamspeedsareusedcanbe
explainedby the greaterfree enegy madeavailable by the
moreenegeticbeamswhich is corvertedinto electrostatic
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Figure 5. The electrostatiqpotentialamplitude,in units of

kT, /e, versusstartinghydrogenbeamvelocity, in units of

v, Plottedfor eachof thetwo beamcaseghatareplottedin

Figureda. The electrostatipotentialamplitudesplottedare
the averageamplitudeghatdevelopedfor onesolitarywave
studiedin eachrun, andthey arenormalizedby the electron
temperaturatthetime the solitarywaveswerepresent.

potentialenegy by the solitary structures.

4. Discussion

4.1. Comparison to Theory

We have presentediew resultson ion solitary structures
which differ from previous studiesbecausehe plasmapa-
rametersin the simulation are basedon recentPolar and
FAST data. The absencef cold plasmaandthe inclusion
of oxygenions distinguishthis work from previous studies
[Barneset all, 11985 IMarchenlo and Hudson|199%. Pre-
vious 1-D simulationswhichincludedcold plasmasandone
ion beamfoundthatsolitarywavescanform from linearion
acousticwavesthat are pumpedby the decayof ion beam
modes|Gray et all, [1991]. In our H* beamcasessimilar
processesnay be occurring,with the hot electronsprovid-
ing the backgroundpopulationin placeof the cold plasma.
FortheH* andO* beamcasescomparisorwith studiesin-
cluding both speciess enlightening.Linearanalysisof H
and Ot beamsof equal enegies shaved that two-stream
instabilities can excite modesthat propagte both parallel
to [Bermmannand Lotko, 11986 and obliqueto [Bemgmann
etal.,1198§ the backgroundnagneticfield. The modesex-
cited by the two-streaminstability arerelatedto the acous-
tic andcyclotron modesof hydrogenandoxygen. The 1-D
simulationstudiesincluding cold HT andO* beamsfound
that the ion two-streaminstability led to ion acoustictur-
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bulencewhich grew nonlinearlyinto solitary waves [Gray
etal.,[1997. Similar processesreat work in the HT/O*
beamcasegresentedere,so that the solitary wavesfrom
bothHT andHT/O* casesrelikely beingformedfromion
acoustidurbulence andwe classifythesestructuresas*ion
acousticsolitary waves” The term “ion acousticsolitary
wave” is usedinsteadof “ion acousticsoliton” becausat
is notclearthatthesestructuresneetthe strictmathematical
definitionof theterm*“soliton”

Thepropagtionspeed®f thesolitarywavesin this study
fit reasonablywell with theory lon acousticsoliton theory
predictedhatthesolitonsshouldhave avelocity equalto the
ion acousticspeedelative to thereferencdrameof thecold
ion speciegLotka, 11983, which is the sameasthe phase
velocity of linearion acoustiovaves. Thisideawaslaterex-
tendedto allow for the replacemenof the cold background
populationby anion beamof anotherspecieqQian et al.,
1989. Whenthis theorywasappliedto simulationstudies,
it wasfound thatthe solitary structuresslov down astheir
amplitudeincrease§Hudsonetall,|1983. Sothedifference
betweerthe speedof the solitary wavesandthe population
they areriding on is expectedto be lessthantheion acous-
tic speed Applying theseprinciplesto theHT beamcaseijt
wouldbeexpectedhatthesolitarywaveswould move with a
speedsomevhatlessthan0.1 v, slowerthanthe hydrogen
beamspeed sincethe hydrogenacousticspeedis 0.1 vy..
From Figurelda it canbe seenthat the speeddifferencebe-
tweenthe solitarywavesandthehydrogenbeamis of theor-
derof the hydrogenacousticspeedbut for the higherspeed
beamsthe differencetendsto be substantiallygreaterthan
0.1v.. Thespeedliscrepanciefor highinitial beamspeeds
may be aresultof the factthatthe electronsareheateddur-
ing thesimulation,with this heatingbeingmorepronounced
in the higher beamspeedcaseswhich causesan increase
of the hydrogenacousticspeedrom its startingvalue. The
solitarywave speedsn theHtT andO* beamcasesarealso
consistentvith describinghestructuresasion acousticsoli-
tary waves. The speedf the solitary waves are between
the beamspeedof hydrogenand oxygenbeamsaswould
be expectedsincethe mostlinear modesarein this region
[Bermmannetall,1198§. Someshiftin the phasevelocities
is expectedn the context of thesenonlinearsimulations put
areasonabl@rst approximatioris to expectthatthe solitary
structureswill propagteat speedsboutequalto the hydro-
genacousticspeedrelative to one of the beamspecies.As
shown in Figureldb, for low beamspeedsthe solitary wave
speedselative to the hydrogenbeamspeedarelessthan0.1
vie, While for the higherbeamspeedshey are muchmore
than0.4v;.. The solitarywave speedandthe oxygenbeam
speedines track eachother more closely soit is possible
thatthe solitary structuresarehydrogenmodesiding onthe
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oxygenbeam,insteadof the hydrogenbeam. This resultis
consistenwith speculatiorthata secondion speciescould
take the placeof a cold backgroundon population[Cattell
etal.,[1999. The0.05- 0.15v,, betweerthe oxygenbeam
and the solitary waves is very similar to the velocity dif-

ferencesseenbetweenthe hydrogenbeamandthe solitary
structuresn theH+ beamcase.

The parallel scalesizesfor the obsened solitary waves
are consistentwith ion acousticsoliton theory The scale
sizesseenherewere~ 10 Ap in bothdirections.FromZa-
kharovandKuznetswe [[1974 it is expectedhatthesesolitary
waveswould have scalesizes~ 10 Ap parallelto the mag-
neticfield and~ 104/Ap? + pH? =~ 15 Ap perpendicular
to the magneticfield for thesesimulations wherepy is the
hydrogenion gyroradius. IMarchenlo and Hudson[1994
pointedout that care mustbe taken when comparingscale
sizeresultsto obsenationsin casedike this whenan arti-
ficial electronto proton massratio is used. The artificial
massratio affectsthe expectedscalesizeratio, with results
for a physical electronto protonmassratio being 3.2 times
higher yieldinganexpectedberpendiculascalesizeof ~ 50
Ap, in this case.So, if the solitary structuresn thesesimu-
lationswereion acousticsolitons,it would be expectedthat
the physically obsened solitary structureswould be much
largerin the perpendiculadirectionthanin the paralleldi-
rection. Anotherimportantconsideratioris that sincethe
potentialis averagedover time, the parallelsize of the soli-
tary waves may be exaggeratewing to the motion of the
solitarywavesalongthe magneticfield.

In contrasto previous results,solitary wavesformedfor
cyclotronfrequenciedessthanthe electronplasmafrequen-
cy, [Barnesetall,1198% IMarchenlo andHudsoiR|1994. The
differencein plasmaparameterprobablyexplainsthis dis-
crepany. The earlierwork did notinclude Ot anddid in-
cludecold plasmawhich hada smallergyroradius.

Sincea cold backgroundbopulationwasrequiredto sup-
port BGK ion phasespaceholesin formulationswherether
mal fluctuationsare invoked as a generationmechanism
[Tetreault, 11991, it is unlikely thatthe solitarywavesshowvn
hereinare BGK phasespaceholesof that type. Although
it is possiblethatthe oxygenbeamcould actasa cold pop-
ulation for the hydrogenbeam,this would still not explain
the structuresseenin the hydrogen-onlybeamcase.Sowe
believe thatit is unlikely thatthe structuresve seeareBGK
ion phasespaceholescausedy thermalfluctuationsin cold
plasma.However, theresultsfor theH* andO* beamcases
do show structuregthat appearto be phasespacevortices.
It is possiblethatthe structureghatwe seeareBGK phase
spaceholesthat have beengeneratedy the two-streamin-
teraction by ion acousticwaves,or by ion cyclotronwaves.
Furthercomparisonso expectedBGK modecharacteristics

will beincludedin anupcomingstudy

4.2. Comparison to Observations

Thesolitarywavesobsenedin the simulationsdescribed
hereinare in agreementvith recentPolar obsenationson
a numberof points. The speedsof the simulatedsolitary
wavespresentedhereareintermediatenetweerthe O and
H* beamspeedsgonsistenwith thoseseenoy Polar(Dom-
becket al., submittedmanuscript,2000). This resultis in
contrastto previous simulation studiesof ion-relatedsoli-
tary waves,including cold plasmgMarchenlo andHudson
1994, which resultedin muchlower speeds.Theselower
speedsare not surprising, since there was a cold popula-
tion to supportthem, and speedsf the order of bulk ve-
locity or beamvelocitieswould be expectedwhenthereis
no cold plasmapresent. The speedsound in thosesimu-
lations matchedthe obsenational resultsof |[Bosttbm et al.
[1988 from Viking which gave the solitary wave speedsas
beingbetweerb and50km s~!, muchlessthantheion beam
speed.NotethatrecentFAST obsenationsfoundthatsome
of the highestamplitudesolitary waves had speedsabove
the hydrogenbeamspeed|McFaddenet al., [1999. This
is not obsered in our simulations. The size of the simu-
latedion solitary structures,~ 10 Ap parallelto the mag-
netic field, is also consistentwith the structuresizesseen
by Polar [Boundset al., 1999; Dombecket al., submitted
manuscript,2000]. Although scalesizesperpendiculato
the magneticfield have not beenobsered in asmuchde-
tail, owing to difficultiesin determiningsizestrans\erseto
thedirectionof themotion, preliminaryresults(Dombecket
al., submittedmanuscript2000)suggeghatthescalesizein
the perpendiculadirectionis slightly larger(~ 15 Ap) than
in the paralleldirection. This resultcontradictsthe scaling
expectedif thesestructuresareion acousticsolitons(~ 50
Ap, dueto the artificial massratio), but it agreeswith the
sizedirectly measuredh the simulations.The potentialam-
plitudes,e¢/kT., for thelower beamspeedpresentedhere
are of the orderof 0.1, ashasbeenseenby Polar[Bounds
etal., 1999; Dombecket al., submittedmanuscript,2000].
Thepotentialamplitudewas~ 0.1in thelowestbeamenegy
(0.2 vy - 2 keV) casepresentechere. For the larger beam
speedshe simulatedpotentialamplitudes(e¢/kT. = 0.1)
are somavhat larger than the typical valuesseenby Polar
(ed/kT. < 0.1) (Dombecket al., submittedmanuscript,
2000), but the beamspeedsin thosesimulationrunswere
alsogreaterthanthe Polarobsenations. The potentialam-
plitudesfor similar beamspeedsare consistenbetweerthe
simulationsandthe Polardata.
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5. Conclusions

Recentspacecrafbbsenationsof ion solitary wavesand
plasmaparametersn the auroralzone suggestedhe need
to performnew simulations.Wheninput parameteror the
simulationsare updatedto exclude cold plasma,as deter
mined from recentFAST obsenations,andinclude hydro-
genandoxygenbeams solitary structuresesultwhich re-
semblethe obsenedstructuresn thefollowing ways:

1. Thesolitarywave speeddall betweerthebeamspeeds
of the hydrogenandoxygenbeamsaswould be expectedf
thetwo-streaninstability wasinvolved.

2. The structuresizesobsered in the simulation are
~ 10 Ap bothparallelto andperpendiculato the magnetic
field line. If thesestructuresareassumedo beion acoustic
solitons,the perpendiculascalesizeto compareto the ob-
senationswould be ~ 50 Ap, owing to the effects of the
artificial massratio usedin this study Obsenationsfind the
sizesto beof theorderof 10 Ap.

3. The potentialamplitudeof theseion solitary wavesis
similarto whathasbeenseerin theobserations,e¢/kT, ~
0.1.

Furtherwork needsto be doneto betterunderstandon
solitary waves in the magnetosphere.Among the unan-
sweredquestionds why ion solitary waveshave only been
obsenedin the auroralzone,while electronsolitary waves
have beenobsenedin mary regions.Earlierspeculatiorthat
ion solitarywaveswerenot obseredat high altitudesowing
to the lower ratio of Q. /w,. [Cattell et all, (1999 hasnot
beenborneoutby this study thoughit is possiblethatdiffer-
encedn plasmadistribution function shapeexplain the lack
of obsenationsof ion solitary wavesin otherregions. Sim-
ulationswith smallertime stepsandspatialscalesneedto be
performedjn orderto betterseehow the spatialstructureof
ion solitary wavesevolves. Studiesincluding Het andhot
plasmasheetions shouldbe performedaswell, sincethese
populationsare obsened in upward beamregions. Further
statisticalstudiesof the perpendiculascalesizesof solitary
structuresareneededsincesingle-obseration estimatef
perpendiculascalesizearedifficult.
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